Surface modification by functional groups promotes endothelialization in biohybrid artificial lungs, but whether it affects endothelial cell stability under fluid shear stress, and release of anti-thrombotic factors, e.g. nitric oxide (NO), is unknown. We aimed to test whether surface-modified silicone tubes containing different functional groups, but similar wettability, improve collagen immobilization, endothelialization, cell stability and cell-mediated NO release. Peroxide, carboxyl, and amine-groups increased collagen immobilization (41-76%). Only amine-groups increased ultimate tensile strength (2-fold). Peroxide and amine enhanced (1.5-2.5 fold), but carboxyl-groups decreased (2.9-fold) endothelial cell number after 6 days. After collagen immobilization, cell number was enhanced by all group-modifications (2.8-3.8 fold). Cells were stable under 1 h fluid shear stress on amine, but not carboxyl or peroxide-group-modified silicone (>50% cell detachment), while cells were also stable on carboxyl-group-modified silicone with immobilized collagen. NO-release was increased by peroxide and amine (1.1-1.7 fold), but decreased by carboxyl-group-modification (9.8-fold), while it increased by all group-modifications after collagen immobilization (1.8-2.8 fold). Only amine-group-modification changed silicone stiffness and transparency. In conclusion, silicone-surface modification of blood-contacting parts of artificial lungs with carboxyl and amine, but not peroxidegroups followed by collagen immobilization allows formation of a stable functional endothelial cell layer. Amine-group-modification seems undesirable since it affected silicone's physical properties.
INTRODUCTION
Extracorporeal membrane oxygenation using blood oxygenators, e.g. microporous hollow fiber membrane oxygenators, also called artificial lungs, is a strategy used to support the function of natural lungs [1] [2] [3] . Long term usage of microporous hollow fibers is limited, since plasma-wetting causes plasma to break through the micropores of the capillaries into the gas phase, and poor biocompatibility of hollow fibers causes thrombosis [1, 4, 5] . The plasma-wetting problem can be solved by using non-porous silicone membrane hollow fibers or diffusive capillary-form silicone hollow spheres [6] . However the poor biocompatibility of silicone membranes is still a key limitation for clinical application of silicone-based artificial lungs [5, 7] .
Tissue engineering is used to increase the biocompatibility of silicone membranes in new types of artificial lungs, so-called biohybrid artificial lungs [4, 5, 8] . The blood-contacting parts of silicone membranes in biohybrid artificial lungs are seeded with endothelial cells to provide a naturally occurring biocompatible surface for blood interaction [8] [9] [10] . The success of endothelialization of bloodcontacting silicone membranes is highly dependent on the interaction of endothelial cells with the material's surface (i.e. cell adhesion, proliferation, stability, antithrombotic functionality) [11] depend on material surface reactive groups [12, 13] , surface charge [11, 14] , and immobilized adhesive proteins such as collagen, gelatin, and fibronectin [15] [16] [17] . The silicone surface is hydrophobic with a low surface energy, chemically inert, and nonpolar, and does not support the growth and function of adhesion-dependent cells [12] . Therefore principal surface modification is needed to improve cell-silicone interactions [15, 18] . Plasma graft modification involves surface activation with plasma followed by substrate exposure to a grafting monomer [19] [20] [21] [22] , and provides different functional groups with different surface charges based on the monomer used. The functional groups are main reactive groups amenable for covalent immobilization of extracellular matrix proteins [16, 17] . These proteins enhance the attachment and proliferation of endothelial cells [14, 15, 17, 23] .
Plasma graft polymerization creates a strong covalent surface modification, which is essential to obtain surfaces that are robust enough to withstand circulating blood flow shear stresses in biohybrid artificial lungs [5] . This fluid shear stress has been estimated 1-3 N/m 2 , except at the entrance point of the device, where the shear stress is much higher [24] . Cell detachment from the material surface as a result of fluid shear stress might result in platelet formation in regions that are not fully covered with endothelial cells [25, 26] . Not only stable endothelial cell adhesion and proliferation, but also endothelial cell functionality on surfacemodified materials is important when endothelial cell seeding is used to improve the biocompatibility of artificial lungs. Since NO inhibits platelet aggregation and 20 adhesion, the ability of endothelial cells seeded on surface-modified silicone membranes in artificial lungs to secrete NO could be used as a measure for the anti-thrombotic property of the cell-seeded material [11, 27] .
Surface modification of materials with functional groups peroxide, carboxyl, amine, and hydroxyl result in different wettability and chemistry, which are the main parameters affecting the interaction of cells with a material's surface [13, 14] . These functional groups have been claimed to improve endothelialization [16, 17] , but their effect on endothelial cell stability under fluid shear stress and cell antithrombotic functionality, e.g. cell-mediated NO release, have been not thoroughly investigated. In the present study, silicone tubes with three different chemical functional groups, i.e. peroxide, carboxyl, and amine, but similar wettability, were developed to determine the surface chemical entity that allows strong collagen immobilization and improvement of endothelialization, cell stability, and antithrombotic functionality. Plasma pre-modification was performed to introduce peroxide groups acting as initiators for graft polymerization [13, 21] . Then silicone tubes containing peroxide groups were graft polymerized with acrylic acid to introduce carboxyl groups, or with aminosilane to introduce amine groups. The contact time of monomer with silicone tubes was variable to achieve the same wettability of the silicone tubes. We compared the graft density, immobilized collagen amount, mechanical properties, endothelialization (e.g. cell attachment, cell proliferation), cell stability under fluid shear stress, and cell-mediated NO release, between surfaces with carboxyl and amine groups, and between surfaces with peroxide groups, which are the initiator groups of carboxyl and amine groups in the plasma graft polymerization process.
MATERIALS AND METHODS

Materials
Surface modification and cell studies were performed in the lumen of large diameter tubular silicone (Si) membranes (inner diameter 2 mm) donated by Raumedic (Helmbrechts, Germany), with the same chemical composition as silicone membrane hollow fibers used in artificial lungs. (3-Aminopropyl) trimethoxysilane (APTES) as an aminosilane (AmS) agent was supplied by SigmaAldrich (Schnelldorf, Germany). Acrylic acid (AAc) was obtained from Fluka (Buchs, Switzerland) and redistilled under vacuum to remove impurities and stabilizers. Chemicals for the Griess assay were obtained from Merck (Kenilworth, NJ, USA), and were of the highest purity available. De-ionized water was used in all experiments.
Plasma pre-modification of silicone tubes
The surfaces of unmodified silicone tubes were cleaned three times with 70% (v/v) ethanol, and once with water for 5 min. Unmodified silicone tubes were placed at the bottom of a reaction chamber (Seren R600, Anatech ltd, Union City, CA, USA), which was evacuated to 0.6 mbar, and pretreated with 60 W of oxygen plasma for 0.5 min. After plasma surface modification, silicone tubes were exposed to air for 5 min to generate peroxide groups on the surface ("plasma surface-modified silicone (PSM Si) tubes"). Peroxide groups contacting air are more unstable and fade away faster than peroxide groups contacting water [21] . Therefore PSM Si tubes were either immediately (within 3 min) used for carboxyl and amine functionalization, or stored up to 2 days in water for characterization tests.
Carboxyl functionalization of silicone tubes PSM Si tubes were immersed in 30% AAc in water for 30 min at room temperature, air-dried at 40ºC for 5 min, and placed in a reaction chamber for plasma graft copolymerization for 3 min to prepare AAc-grafted silicone tubes (AAc Si). The residual monomers and homopolymers were removed by 24 h incubation in water [20, 21, 28] . The grafted amount of AAc was calculated by a gravimetric method according to the following equation: rafted amount ( g cm 2 g 0 A Where W g is the dry weight of grafted silicone tube, W 0 is the dry weight of unmodified silicone tube, and A is the inner surface area of silicone tube [21] .
Amine functionalization of silicone tubes
Aminosilanization of PSM Si tubes was carried out as described earlier [29, 30] . In short, PSM Si tubes were immersed in 5% APTES in chloroform for 12 h at room temperature under nitrogen gas. For hydrolytic stabilization of amine layers, the aminosilane-grafted silicone (AmS Si) tubes were submerged in water for 48 h before use in cell experiments. The grafted amount of AmS was also calculated by a gravimetric method [21] .
Collagen immobilization on silicone tubes
AAc Si, and AmS Si tubes were immersed into 30 ml 5 mM 2-(Nmorpholino)ethanesulfonic acid (MES) buffer solution containing 48 mg 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and 15 mg Nhydroxysuccinimide (NHS; Fluka, Neu-Ulm, Germany) before collagen immobilization [31] . The solution was gently stirred for 5 h at 4°C to activate the functional groups on silicone tubes. Then Si, PSM Si, AAc Si with activated carboxyl groups, and AmS Si tubes with activated amine groups were filled with 1 mg ml −1 collagen (acid soluble collagen type I, Pasteur Institute of Iran, Tehran, Iran) in 0.02 M acetic acid to immobilize collagen at 4°C for 24 h. Unbound collagen was removed by washing the collagen-immobilized silicone tubes with water. Collagen-adsorbed silicone (Si-Col), collagen-immobilized plasma surfacemodified silicone (PSM Si-Col), collagen-immobilized AAc-grafted silicone (AAc SiCol), and collagen-immobilized AmS-grafted silicone (AmS Si-Col) tubes were dried at room temperature and stored at 4°C before use. Some tubes were washed extensively twice with water to assess the stability of the collagen linked to the tubes. The amount of immobilized collagen on the tubes before and after washing was determined by a Bradford protein assay (Bradford, Hercules, CA, USA) using an Eppendorf biophotometer D30 (Eppendorf, Hamburg, Germany) following the manufacturer's instructions [18] . Concentrations of immobilized collagen on modified silicone tubes were assessed by comparison with a standard curve.
Characterization of surface-modified silicone tubes
The effect of peroxide, carboxyl, and amine groups on mechanical properties of silicone tubes was evaluated by holding both ends of each Si, PSM Si, AAc Si, and AmS Si tube (length 9 mm) in a specific grip of an in-house fabricated uniaxial testing instrument, and pulling uniaxially until tension break. The ultimate tensile strength was determined based on the peak load and the initial surface area of each tube. The percent elongation-at-break was obtained from the ratio between the elongated length at the time of failure (l) and initial length (l 0 ) of each silicone tube [32, 33] . The wettability of unmodified and surface-modified silicone tubes (i.e. Si, PSM Si, AAc Si, AmS Si, PSM Si-Col, AAc Si-Col, and AmS Si-Col) was probed by static water contact angle measurement [21, 34] using Kruss G10 goniometer contact-angle measurement equipment (Krüss GmbH, Hamburg, Germany). Tubes were cut longitudinally, glued on a microscope glass slide, and mean values of five water contact angle measurements on randomly chosen areas of each tube were calculated.
Endothelial cell seeding, adherence, and proliferation
Human umbilical vein endothelial cells (HUVECs) were obtained from the National Cell Bank, Pasteur Institute of Iran (Tehran, Iran), and used between passages 3 and 6 to evaluate cell attachment and proliferation on unmodified and surfacemodified silicone tubes. Hundred µl endothelial cell suspension containing 300 cells/µl Dulbecco's modified Eagle's medium (DMEM)/F12 with 10% fetal bovine serum (Gibco, Renfrewshire, Scotland) was infused from one end into the lumen of each sterile tube using a syringe. During cell seeding for 4 h, the tubes were rotated every 30 min to promote homogeneous cell adhesion to the inner surface of the tubes. Cells were either cultured for 6 days in a humidified atmosphere of 5% CO 2 in air at 37°C, with medium replacement every 2 days, or used to determine cell attachment at 4 h. The attached cells were washed with phosphate buffered saline (PBS), released with trypsin/ethylene diamine tetraacetic acid (EDTA; Merck, Kenilworth, NJ, USA), and stained with 0.4% trypan blue (Sigma-Aldrich, St. Louis, MO, USA) to determine viable cell number in a Neubauer cell chamber. The percentage of adherent cells was calculated from the cell counts upon seeding and after 4 h of culture [11, 22] .
Endothelial cell proliferation on the surface-modified silicone tubes at days 2, 4, and 6 was estimated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich, St. Louis, MO, USA) as described elsewhere [9, 12, 33] . The absorbance was measured at 545 nm using an ELISA Reader (Stat Fax-2100, Miami, FL, USA). The number of endothelial cells was quantified using a calibration curve with known cell numbers.
Endothelial cell morphology
The morphology of endothelial cells attached to either unmodified or surfacemodified silicone tubes was visualized after 6 days culture by scanning electron microscopy (SEM) using an Essen Philips XL 30 ESEM Environmental electron microscope (Philips, Amsterdam, The Netherlands). The tubes were cut longitudinally to allow observation of cell morphology in the lumen of cell-seeded silicone tubes. Tubes with adherent cells were rinsed with PBS, fixed with 4% (v/v) glutaraldehyde solution in PBS at 4°C for 30 min, washed once with ultrapure water, dehydrated in a series of ethanol/distilled water solution (10% ethanol increments; each step 3 min), and finally dried at room temperature [35] . The optimum parameters for SEM imaging were 20 kV electron accelerating voltage, 15 mm working distance, and 500x magnification.
Fluid shear stress treatment of endothelialized silicone tubes
To compare the different surface-modified silicone tubes for their ability to support cell attachment under fluid shear stress, an in-house designed and fabricated circulating flow loop was used. After 6 days of culture, tubes with adhered cells were washed with PBS and mounted on a holder. Endothelial cells on silicone tubes were exposed to a fluid shear stress of 1.5 N m -2 for 1 h using a peristaltic pump (Heidolph, Schwabach, Germany). Polyvinyl chloride tubing was used to link the medium reservoir, pump, and silicone tube. Three-way valves were used to stop entering fluid into the silicone tubes at the end of an experiment ( Figure 1 ). The percentage of detached cells was assessed by detracting the number of cells after shear conditioning from the number before shear conditioning using the MTT assay. 
NO quantification
NO release by endothelial cells was measured as nitrite (NO 2 -) accumulation in the medium after 6 days of culture, using Griess reagent including 1% sulfanilamide, 0.1% naphtylethelene-diamine-dihydrochloride, and 2.5 M H 3 PO 4 [36] [37] [38] [39] . The absorbance was measured at 545 nm with a microplate reader (Stat Fax-2100, Miami, FL). Serial dilutions of NaNO 2 in the medium were used as standard curve.
Statistical analysis
All data were expressed as means ± standard deviation (SD). To compare any significant differences between unmodified and surface-modified silicone tubes, one-way analysis of variance was used. The significance of differences among means was determined by post-hoc comparisons, using Bonferroni's method. Two way analysis of variance with pairwise comparison was used to assess differences among means between groups and over time. A probability (p) value of less than 0.05 (p<0.05) was taken as the level of significance.
RESULTS
In this study surface modification of silicone tubes was performed to introduce peroxide (-OO), carboxyl (-COOH) or amine (-NH 2 ) functional groups with or without immobilized collagen for improvement of endothelialization, cell stability, and anti-thrombotic functionality. Figure 2 shows a schematic of the reactions of plasma modification and graft polymerization (with AmS or AAc) followed by collagen immobilization on silicone tubes. The abbreviations used for surfacemodified silicone tubes are provided in Table 1 .
Figure 2.
Schematic illustration of plasma surface modification, plasma graft polymerization, and collagen immobilization in the lumen of silicone tubes. Peroxide group formation: silicone tubes were exposed to air for 10 min after plasma modification. Carboxyl group formation: plasma surface-modified silicone tubes were immersed in an aqueous solution of AAc followed by plasma graft polymerization on a reabsorbed layer of AAc on silicone. Amine group formation: plasma surface-modified silicone tubes were immersed in an aqueous solution of APTES for aminosilanization followed by submerging in distilled water.
Grafted monomer and immobilized collagen density on surface-modified silicone tubes
The peroxide groups initiated the formation of carboxyl groups by graft polymerization of AAc, or the formation of amine groups by graft polymerization of AmS on the silicone surface. The graft mass density of AAc was much lower than of AmS (AAc: 420±28 µg cm ; AmS: 221.37 g mol -1 ), the graft molar densities weree similar ( Table 2 ). The negatively charged carboxyl groups on AAc Si tubes interacted with the positively charged amine groups on collagen, and the positively charged amine groups on AmS Si tubes interacted with the negatively charged carboxyl groups on collagen, to form carbodiimide bonds through which collagen ionically crosslinked on silicone tubes (Figure 2 ). AmS Si tubes adsorbed 76% more collagen than Si tubes, 67% more than PSM Si tubes, and 41% more than AAc Si tubes (Table 2) . Although PSM Si and Si tubes were capable of linking with collagen, ~20% (PSM Si) and 33% (Si tubes) of the collagen adsorbed was washed out after two times severe washing with water. 27.0 ± 1.8 27.3 ± 1.2
Mechanical properties of surface-modified silicone tubes
The ultimate tensile strength of AmS Si tubes was 1.8-fold higher than that of Si, 2-fold higher than that of PSM Si, and 1.6-fold higher than that of AAc Si tubes, showing that silicone tubes stiffened after surface modification with amine groups (Figure 3a) . The percent elongation at break was more than 100% for Si, PSM Si, AAc Si, and AmS Si tubes, with no statistically significant differences observed between tubes (Figure 3b ). The ultimate tensile strength and elongation at break of PSM Si and AAc Si tubes were similar to Si tubes.
Wettability of surface-modified silicone tubes
To assess the hydrophilicity of different surface-modified silicone tubes, the water contact angles were measured by the sessile drop method (Table 3) . We found that the water contact angles decreased after plasma surface modification and monomer grafting on silicone tubes (Si: 102±4º; PSM Si: 38±3º, AAc Si: 42±2º, and AmS Si: 49±3º), while the amount of water contact angles were not significantly different (p>0.05) for all surface-modified silicone tubes. Collagen addition slightly 
Endothelial cell adhesion on surface-modified silicone tubes
Maximal cell adhesion was found on collagen-immobilized silicone tubes independent of pretreatment with peroxide, carboxyl, or amine groups (Table 3) . More endothelial cells adhered on Ams Si than on PSM Si or AAc Si tubes without immobilized collagen. The number of cells adhered on AmS Si tubes was 1.7-fold higher than on Si tubes. Carboxyl groups in AAc Si tubes decreased cell adhesion by 3-fold. Increased cell adhesion was observed on peroxide groups in PSM Si tubes, albeit 1.4-fold lower than cell adhesion on positively charged amine groups in AmS Si tubes. Endothelial cell proliferation on surface-modified silicone tubes Endothelial cell proliferation on Si, PSM Si, AAc Si, AmS Si, PSM Si-Col, AAc SiCol, and AmS Si-Col tubes was compared after 2, 4, and 6 days of culture ( Figure  4 ). The number of cells was higher on collagen-immobilized silicone tubes than on tubes without immobilized collagen at all time points measured, with the highest cell proliferation rate observed on AmS Si-Col tubes. The cell number on AmS Si- 
Morphology of endothelial cells on surface-modified silicone tubes
SEM micrographs of endothelial cells cultured for 6 days on unmodified and surface-modified silicone tubes showed that the cell morphology was dependent on the surface modification method used ( Figure 5 ). Cells on Si tubes did not spread well (Figure 5a ). Only few cells were attached on AAc Si tubes, exhibiting "round" morphology (Figure 5b ). In contrast, cells attached onto AmS Si tubes kept their natural spindle-shaped morphology (Figure 5c ). Cells on PSM Si-Col (Figure 5d ), AAc Si-Col (Figure 5e ), and AmS SiCol (Figure 5f ) tubes showed a spindle-shaped morphology. This suggests that a collagen coating provides a highly compatible substratum for endothelial cells.
Endothelial cell detachment from endothelialized silicone tubes after shear stress The percentage of detached cells was determined after 1 h fluid shear stress treatment (Table 3) 
NO release by endothelial cells
NO release by endothelial cells cultured for 6 days on collagen-immobilized silicone tubes was much higher than that from cells on tubes without immobilized collagen ( Figure 6 ). NO release by cells cultured on AmS Si-Col tubes was 2.9-fold higher (p<0.005) than on Si tubes, and 1.7-fold higher (p<0.05) than on PSM SiCol tubes, while no significant difference was observed between NO released by cells on AmS Si-Col and AAc Si-Col tubes. Cells on PSM Si tubes released similar NO levels as on Si tubes, but they only released a very small amount of NO on AAc Si tube. The amount of NO released by endothelial cells on AAc Si tubes was 9.7-fold lower (p<0.005) than on Si tubes.
DISCUSSION
Endothelialization of blood contacting parts of hollow fibers would be a key milestone in the development of biohybrid artificial lungs, which may become a first stepping stone towards the introduction of regenerative medicine techniques in the treatment of lung disease [4, 7] . Silicone membrane hollow fibers are widely used for artificial lungs, but they do not support cell attachment and/or proliferation due to their surface hydrophobicity and inertness [40] . Therefore principal surface modification is needed to improve cell-silicone interactions, as this is strongly influenced by the physicochemical properties of the silicone surface [15, 18] . Plasma graft polymerization in the presence of different reactive chemical materials to introduce functional peroxide, carboxyl, hydroxyl, amine, or aldehyde groups has received much attention. The functional groups are main chemically reactive groups amenable for covalent immobilization of collagen, that enhance endothelial cell attachment and proliferation [9, 14, 15, 17, 23] . In this study, plasma premodified silicone tubes containing peroxide groups were used to initiate graft polymerization of two different monomers, i.e. AAc and AmS. We investigated whether the presence of different functional groups on silicone tubes, i.e. peroxide groups by oxygen plasma pre-modification, carboxyl groups by AAc grafting, and amine groups by AmS grafting, but similar wettability enhanced interaction with endothelial cells leading to a stable cell layer with anti-thrombotic properties. Peroxide groups resulting from plasma pre-modification act as initiators in plasma graft polymerization [13, 21] . The density of grafted monomers directly depends on the peroxide concentration on plasma pre-modified surfaces [21] . Therefore we used constant parameters of plasma pre-modification to achieve the same peroxide density before grafting of AAc or AmS. Silicone plasma pre-modification using our parameters (60 W oxygen plasma for 0.5 min) has been reported to result in maximum peroxide density (~7x10 -8 mol cm -2 on a silicone's surface [21] .
After plasma pre-modification of silicone tubes, the contact time of monomers with silicone tube was adjusted to achieve the same wettability on AAc-grafted and AmS-grafted silicone tubes, which also resulted in similar graft molar density of carboxyl and amine groups. It is well known that graft density affects collagen adsorption, which directly affects cell adhesion [18, 20, 41] . The hydrophilic nature of a material in general prevents protein adsorption, although amine functional groups do not only increase material hydrophilicity but also protein adsorption. On the other hand, collagen has more carboxyl groups than amine groups in its chemical structure, causing it to easily react with amine functional groups on a material surface to produce carbodiimide bonds [11, 14, 42] . Our data shows that the introduction of amine groups on silicone increases the immobilized collagen concentration compared with carboxyl or peroxide groups. This observation corresponds to the increased collagen-endothelial cell interaction, cell adherence and number on AmS Si-Col compared with PSM Si-Col or AAc SiCol tubes.
Mechanical and physical properties of AmS Si but not PSM Si and AAc Si tubes significantly changed compared to Si tubes. This represents an important advantage of PSM Si and AAc Si rather than AmS Si tubes for clinical usage. The shelf life of plasma surface-modified and AmS-grafted materials is limited, with post-plasma oxidation reactions leading to the loss of peroxide and amine groups from the material surface [17] . Aging of AAc-grafted materials is not a problem, probably because carboxyl groups are a product of post-plasma oxidative reactions anyway [17, 21] . A relatively long shelf life of AAc-grafted materials compared with plasma-modified or AmS-grafted materials can be considered another advantage of AAc Si tubes for clinical use.
Introduction of functional groups to a material surface results in decreased water contact angles [16, 34] . We found a considerable decrease in water contact angles of silicone tubes after plasma modification, AAc grafting, and AmS grafting, which resulted in increased hydrophilicity of silicone tubes. The decrease in wettability of silicone tubes after collagen immobilization could be inherent to the fact that collagen is more hydrophobic than AAc or AmS [18, 20, 40] . Materials with moderate water contact angle optimally support cell adhesion and consequently improve their biocompatibility [43] [44] [45] [46] . Therefore AAc Si-Col and AmS Si-Col tubes, having moderate water contact angles, might be favorable for endothelial cell attachment and proliferation.
Endothelial cells are sensitive to material surface characteristics, e.g. wettability and surface charge. In the current study, endothelial cells showed poor adhesion on negatively charged AAc Si tubes, which agrees with published data showing that carboxyl groups grafted on a material surface inhibit cell adhesion and proliferation [11, 14, 17] . Our results also agree with data by Lee et al. (1994) , who observed optimal chinese hamster ovary (CHO) cell adhesion, growth, and spreading on positively charged (amine group-grafted) polyethylene surfaces, while negatively charged (carboxylic group-grafted) surfaces showed poor cell growth [13] . Moreover, positively charged groups also attract negatively charged cells. This may explain why AmS Si-Col tubes showed the highest density of cells initially adhering compared to the other surface-modified tubes tested. The cell density on collagen-immobilized silicone tubes was higher than on tubes without immobilized collagen. This result agrees well with data by others that endothelial cell adhesion is facilitated by pre-coating of the substratum with extracellular matrix proteins such as collagen [16, 17, 40] , although the ability of adhesive proteins to support cell adhesion is dependent on cell quantity and activity, which is influenced by the surface properties of the underlying substratum [34] . Taken together, AmS Si tubes were more favorable for collagen immobilization compared with AAc Si tubes, which directly increased endothelial cell growth on AmS Si-Col tubes.
Endothelial cells proliferated well on all types of collagen-immobilized silicone tubes. The number of cells on AmS Si-Col tubes was slightly higher than on AAc Si-Col tubes at all time points measured. Cell proliferation on AmS Si tubes without immobilized collagen was increased compared to Si tubes. Moreover, cells cultured on surface-modified silicone tubes grew rapidly, whereas cells on unmodified tubes grew slowly. The number of cells was increased on AmS Si tubes containing amine functionalities, but the cell number was very low on AAc Si tubes. This agrees with published data showing that negatively charged surfaces are not suitable for endothelial cell proliferation [17, 18] .
Excellent cell spreading indicates strong cell-material interaction, while round cells on a material indicate weak cell-material contact, which might cause cell death. Endothelial cell morphology was undesirably affected by the negatively charged carboxyl groups resulting in round cell morphology. In contrast, positively charged amine groups supported cell contact well, resulting in a spindle-shaped cell morphology. This is likely due to the negative charges on silicone introduced by AAc, which are toxic for endothelial cells. Positive charges introduced by AmS provided an appropriate substratum for endothelial cells.
AmS Si-Col and AAc Si-Col tubes maintained a high cell density after fluid shear stress treatment. A high percentage (37%) of cells detached from PSM SiCol tubes, which likely resulted from a weak linkage of collagen on these tubes, unlike the collagen immobilized with carbodiimide bonds on silicone tubes with amine or carboxyl groups. Fluid shear stress caused a cell loss of 75% from unmodified silicone tubes. Cells on AmS Si tubes were firmly attached, but cells on AAc Si tubes were easily removed from the surface.
The success of endothelization of a synthetic material surface can also be assessed by measuring the secretion of anti-thrombotic factors such as NO [11] . The high NO release by endothelial cells on collagen-immobilized silicone tubes indicated excellent anti-thrombotic functionality. Immobilized collagen could suitably link with amine or carboxyl groups on the silicone tubes, and provided an excellent substratum for cell growth and function. Higher amounts of NO released by endothelial cells cultured on AmS Si than on AAc Si tubes revealed that cells functioned well on amine group-modified tubes.
CONCLUSIONS
AmS Si and PSM Si but not AAc Si tubes were favorable for endothelial cell attachment and proliferation even without collagen immobilization. Collagenimmobilized silicone tubes pretreated with peroxide, carboxyl, or amine groups enhanced endothelial cell attachment, proliferation, and NO release compared to tubes without immobilized collagen. Cells were more stable under fluid shear stress on AAc Si-Col and AmS Si-Col tubes containing carbodiimide bonds between functional groups and collagen than on PSM Si-Col tubes. Although AmS Si-Col tubes allowed excellent cell behavior, the amine groups extremely changed silicone's physical properties. This suggests that collagen immobilization after AAc grafting, but not oxygen modification or AmS grafting is preferable for endothelialization of blood-contacting parts of artificial lungs.
